Theory predicts that the evolution of polyphenic variation is facilitated where morphs are genetically uncoupled and free to evolve towards their phenotypic optima. However, the assumption that developmentally plastic morphs can evolve independently has not been tested directly. Using morph-specific artificial selection, we investigated correlated evolution between the sexes and male morphs of the bulb mite Rhizoglyphus echinopus. Large 'fighter' males have a thick and sharply terminating pair of legs used to kill rival males, while small 'scrambler' males have unmodified legs, and search for unguarded females, avoiding fights. We selected on the relative leg width of only the fighter male morph, tracked the evolutionary responses in fighters and the correlated evolutionary responses in scramblers and females that were untouched by direct selection. Fighters diverged in relative leg thickness after six generations; assaying scramblers and females at the ninth generation we observed correlated responses in relative leg width in both. Our results represent strong evidence for the evolution of intraspecific phenotypic diversity despite correlated evolution between morphs and sexes, challenging the idea that male morphs are genetically uncoupled and free to independently respond to selection. We therefore question the perceived necessity for genetic independence in traits with extreme phenotypic plasticity.
Introduction
The greatest source of intraspecific variation can typically be found between the sexes, where males and females often have different life histories and physiological demands, or even exploit different habitats [1] . Ultimately these differences are related to the different reproductive roles and sexual selection pressures that act on the sexes [2] . Dichotomous phenotypic variation can nevertheless also be found within a sex, sometimes to a degree that has led taxonomists to describe individuals of different morphs as belonging to different sexes, species and even genera [3] . Alternative male phenotypes abound in animals, and are usually linked to different tactics for securing matings [4, 5] . Large male morphs often use ornaments to court females, or weapons to defend females or territories, whereas small male morphs have reduced ornamentation and weaponry, and tend to sneak copulations within territories [6] , search for unguarded females [7] or parasitize the investment of larger males [8] .
Since males of different morphs are expected to have contrasting phenotypic optima, and yet share most of their genomes, certain alleles are simultaneously beneficial to one male morph and harmful to the other, causing an evolutionary tug-of-war between the morphs. A conflict of this kind has been long recognized between the sexes [9] and extensively studied as 'intralocus sexual conflict' [10] . Increased sexual dimorphism alleviates this conflict [11] , in some cases completely eradicating it through the evolution of sex-limited expression of traits originally under conflict. The equivalent conflict within a sex, between male morphs that adopt different reproductive tactics, has only very recently been recognized and named 'intralocus tactical conflict' [12] . Since males of different morphs share alleles on autosomes and sex chromosomes, there is an even greater potential for alleles to antagonistically affect the same trait in individuals of different morphs [13, 14] .
Most cases of male dimorphism result from an extreme case of developmental plasticity (sensu [15] ) called polyphenism, where a single genotype is capable of expressing alternative phenotypes under specific environmental conditions [16] . In quantitative genetics, polyphenisms are modelled as threshold traits [17] [18] [19] , which represent reaction norms with incorporated threshold functions [20] . The mechanisms behind these threshold functions are thought to decouple the development of different male morphs, allowing them to respond to selection independently and hence achieve dramatically different phenotypic optima [16, [21] [22] [23] , an idea sometimes called the developmental reprogramming hypothesis [14, [24] [25] [26] . According to this hypothesis, if thresholds really decouple the development of alternative phenotypes, the ability of male morphs to respond independently to selection underlies the ample phenotypic divergence achieved between them [23] . Although there has been suggestive evidence against that idea [13, 14, 27] , there is currently no direct experimental test of whether conditionally expressed male morphs are able to respond independently to selection. We set out to test this hypothesis with an artificial selection approach, using the bulb mite Rhizoglyphus echinopus as a model system. Large R. echinopus males can have a thick and sharply terminated third pair of legs that is used to fight and even kill rival males, therefore being referred to as 'fighters'. Meanwhile, small males usually have unmodified legs, search for unguarded females to mate with [28, 29] and are normally referred to as 'scramblers'. Fighter legs in this species represent a conditionally expressed threshold trait, environmentally triggered in larger males and low population densities [29, 30] . There is genetic variation for the thresholds underlying the expression of this dimorphism [31] , and morph ratio is also under the influence of paternal effects in the species [32] . A conventional interpretation of threshold traits [16, 19] suggests that only fighters express certain genes for thicker legs, which would be completely hidden from selection in scramblers, allowing morphs to respond to selection on leg width independently. However, a recent study found strong intrasexual genetic correlations for a variety of traits, including the modified fighting legs, suggesting that male morphs may be limited in evolving to their phenotypic optima [27] . Here we imposed bidirectional and morph-specific artificial selection on the relative third leg width of fighters for 10 generations, and observed the evolution of that trait in fighters, scramblers and females.
Material and methods (a) Origin of lines and selection regime
On 27 May 2016, we sourced 90 mature and mated females from our stock populations of R. echinopus, which have been kept in the laboratory since 2005 (for an estimated number of more than 130 generations). We housed these females on three Petri dishes (30 females on each) lined with moist plaster of Paris, and containing ad libitum tissue paper and Allinson's dried yeast. After the females spent 11 days laying eggs on the Petri dishes, we isolated 400 larvae from their offspring and reared them in isolation in the 'individual vials' described by Buzatto et al. [31] . Approximately 10 days later, we paired the resulting virgin adults in 75 families (25 for each replicate line) consisting of a male fighter and three females, using 'mating tubes' (as in [31] ). Throughout the experiment, individual vials and mating tubes were always kept on Petri dishes lined with moist filter paper, inside round plastic containers (diameter ¼ 76 mm, height ¼ 40 mm) with a maximum of 20 individual vials or eight mating tubes per container, all kept in dark incubators at 228C. The only exception was generation three, which was kept at 108C to slow development down and keep the experiment tractable during workforce and time limitations.
Between two and four days after pairing, we removed the males and mounted them individually on microscope slides, in order to take measurements of the width of their third right legs, and anterior coxae suture (ACS, a proxy for body size), as described by Pike et al. [27] . Mated females were left in the mating tubes to lay eggs for the following 10-14 days. In each of our replicate lines (A, B and C), we separately fitted linear models to the relationship between third leg width and ACS, and used the residuals of these relationships as our measures of relative leg width. The five males (out of 25) in each line with the largest values of relative leg width were selected to start our up lines (Aup, Bup and Cup), whereas the five males with the smallest values of relative leg width were selected to start our down lines (Adown, Bdown and Cdown).
Between 10 and 14 days later, we searched the mating tubes that contained the females that had mated with the selected males previously, and moved 40 newly hatched larvae from each of these tubes into individual vials, in order to rear them in isolation and produce virgin adults. For the following generations, each of our replicate lines produced up to 200 virgin adults per generation (40 offspring from each of the five families originated from our selected males). Using these adults, in each of our replicate lines we randomly paired 20 fighters, ideally four from each of the five families, although the representation of families varied as some families produced less than four fighters, whereas others produced many more than four. Each of these fighters was paired to two virgin females randomly selected from two other families in the same line, in order to avoid mating males with their siblings, and also avoiding mating males with two females that were themselves siblings. On a couple of occasions, we could only pair each male to one female (rather than the standard two), as high mortality and a male-biased sex ratio meant that we did not have enough virgin females resulting from the isolated 200 larvae from each replicate line.
Once again, between two and four days after these individuals were paired, we removed the males and mounted them on slides to measure their third legs and ACS. The same selection regime described above for the first generation was employed in each of the following generations, except that six separate linear models (one for each replicate and each direction) were used, and five males were selected out of a pool of 20 males from the second generation onwards. Importantly, only fighter males were ever measured and selected throughout the experiment.
(b) Analysing the response to selection in fighters
We tracked the evolution of relative leg width by fitting linear models to the relationship between third leg width and ACS separately for each generation, using the pooled data from all replicate lines in each generation (a total of 990 individuals measured). Next, we extracted the residuals from those models and estimated their mean and standard error separately for the up and down lines (figure 1). This approach automatically compares the up and down lines on each generation, removing the environmental effects of each generation. We then fitted linear mixed effects models to rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180335 the relative leg width measurements pooled from all 10 generations, specifying a random effect of replicate line ID on the intercept. We built a set of five candidate models with every possible combination of the fixed effects of generation, selection direction (up or down) and their interaction, fitting all models with maximum likelihood. We then compared these models on the basis of the bias-corrected version of the Akaike information criterion (AICc).
We also calculated the selection differential imposed on relative leg width by our regime on each generation as the difference between the mean of that trait in the parental generation and the mean of the selected parents [33] . We used a weighted version of the selection differential, where the trait means for sires were weighted by the number of their offspring that were successfully reared to adulthood, and therefore contributed to the measurements of the next generation's mean trait values. We then calculated the realized heritability of relative leg width as twice the slope of the regression of mean response on the weighted cumulative selection differential [33] .
(c) Analysing correlated evolutionary responses
After nine generations of morph-specific selection, we investigated the response of females and scramblers to selection imposed on fighters. We randomly mounted 20 fighters, 20 scramblers and 20 females from each replicate line on microscope slides, and measured the width of their third right legs and ACS as described previously. For these measurements a few extra scramblers (three out of 360 individuals; less than 1%) had to be sourced from the mating tubes when we could not get 20 individuals of each morph/sex from the isolated individuals from a given replicate line. In order to compare the response to selection between females and males of each morph, we first fitted an ANCOVA with third leg width as a dependent variable, and ACS, sex/morph (with levels 'fighter', 'scrambler' or 'female') and their interaction as independent variables, and used the residuals of this model as our measures of relative leg width. We then fitted linear mixed effects models to the relative leg width of all individuals, specifying a random effect of family ID (because individuals from each line could come from one of five families). We built a set of five candidate models with every possible combination of the fixed effects of sex/morph, selection direction (up or down) and their interaction, fitting all models with maximum likelihood. We then compared these models on the basis of their AICc.
Throughout all our analyses, we validated our best minimal models by testing the distribution of residuals (with Kolmogorov-Smirnov tests) against simulated normal distributions with the same mean, standard deviation and sample size of the standardized residuals from our model. This was done 1000 times, and we considered the residuals from the model normally distributed if at least 95% of these tests failed to detect significant differences. We also visually checked our models for heteroscedasticity of residuals by plotting the standardized residuals against fitted values from each model. All analyses were performed in R, version 3.1.3 [34] .
Results (a) Selection and response in fighters
The relative leg width of fighters across all our lines evolved and revealed a clear response to the selection regime between the up and down lines after the fifth generation ( figure 1) . The model that best explained the evolution of relative leg width contained an interaction between generation and selection direction (table 1) figure S1 ). Selection was very weak on the third generation, as some of the targeted fighters produced fewer than 20 fighter offspring, probably as a result of being reared at 108C rather than 228C (see Material and methods). In this generation, whenever the number of fighters was less than seven, no selection was done, and all of the few fighters produced were used as sires of the following generation. In lines Adown, Bup and Cdown, fewer than five fighters were available as sires, and to make sure that we had at least five families contributing to the next generation, some scramblers had to also be used as sires, but they were drawn randomly in respect to their phenotypes, without any selection.
The realized heritabilities for the relative third leg thickness of fighters were 0.116 (up lines) and 0.115 (down lines), as estimated by twice the slope of the function regressing the response to selection on the weighted cumulative selection differentials, because only males were selected (electronic supplementary material, figure S1 ) [33] . The slopes of these functions were significant for both the up (b + s.e. 
(b) Correlated response in scramblers and females
Owing to occasional problems when mounting adults on slides, reliable measurements of six individuals (out of 360; , than 2%) from the ninth generation were not possible, but our final sample size for this analysis was fairly evenly distributed between male morphs and females (117 scramblers, 118 fighters and 119 females). The model that best described (table 2) . A visual inspection of figure 2 reveals that the result was driven by the stronger divergence in fighters (between the up and down lines) when compared with scramblers and females. In order to compare the magnitude of the divergence found in females and scramblers, we removed the fighters from the dataset and re-ran the analysis. In this case (analysis not shown), the model that best described the relative third leg width of scramblers and females from the ninth generation only had the effect of selection direction, but no effect of sex, indicating that the divergence between the up and down lines was similar in females and scramblers (figure 2).
Discussion
We report direct evidence that selection in one male morph has evolutionary consequences for both the alternative morph and the opposite sex. These results are suggestive of intralocus tactical and sexual conflict in R. echinopus, demonstrating what we believe to be the most important of the three conditions to demonstrate such conflicts [12] . The first two conditions for intralocus conflict to occur are that male morphs (or sexes) have different phenotypic optima for the same trait, and that at least one of the morphs or sexes is not at their phenotypic optima. Our results represent a powerful demonstration of the third condition, which is that there is a shared genetic architecture between the morphs (and sexes) for the dimorphic trait in question (criterion 3 in [12] ). As stated in the Introduction, strong genetic correlations for the modified fighting legs of fighters and scramblers in R. echinopus [27] are the first suggestion of this shared genetic architecture. Here, however, we have directly shown that the shared genetic architecture Table 1 . Model selection for the effects of generation, selection direction (up or down) and their interaction on the relative leg width of the fighting leg (third pair) of fighter males of the bulb mite R. echinopus. All models had the random effects of selection line ID, and the most parsimonious model is indicated in italics. rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180335 does indeed result in the correlated evolution of the phenotypically plastic traits that constitute male dimorphism. Our discussion focuses on the test of this third criterion, but we comment on the importance of the other two criteria at the end of the discussion. The response of scramblers and females to selection that was applied solely to fighters indicates a strong evolutionary constraint on the evolution of both sexual and male dimorphism. Interestingly, the magnitude of the correlated evolutionary response of scramblers and females was similar (figure 2), and it is possible that the same proximate mechanisms generate sexual and male dimorphism in the species. Similar suggestions have been made for dung beetles [35] and harvestmen [36] , based on the coevolution of sexual and male dimorphism in those groups. From the correlated response in scramblers to selection in fighters it is clear that the male morphs are not genetically uncoupled in this species and are not free to respond independently to selection. Such non-independence has been hinted at in phenotypic correlations between the morphs across populations of earwigs and dung beetles [14] , the intraspecific allometries of dung beetles [13] , and the genetic correlation between the morphs in this species [27] . Here, however, we demonstrate the consequence of these correlations by showing how selection in only one morph drags with it the phenotypes of the alternative morph, as it also responds to directional selection.
The notion of genetically independent evolution of morphs is a mainstay of the phenotypic plasticity literature [16] , and so the question is raised of how general our results might be. Furthermore, how can phenotypic diversity within a sex evolve and become so extraordinarily extreme, despite the potential for correlated evolutionary responses between morphs? In R. echinopus, there is heritability in relative leg width within each morph [27] that allows the trait to respond to selection (as shown here), indicating that there are polygenic additive effects on the expression of the residuals we selected on. The correlation between morphs in these residuals was not different from one [27] , however. This suggests that there is no polygenic genetic variation in the magnitude of the difference in relative leg width between the morphs (the magnitude of the conditional dimorphism), hence the correlated response. In terms of the genetic architecture of the male polyphenism in this species, then, the suggestion is that there is a major gene that determines the magnitude of the difference and that this is fixed in this population. The extent of variation in the genetics of the difference within and between other populations would be interesting to know. In social insects with morphologically defined castes, variation among colonies in the relative expression of divergent morphology would be equally interesting to assess [37] . Our results also have ramifications for understanding the evolutionary constraints imposed by genetic correlations across environmental gradients where phenotypes are expressed in a more continuous manner than they are in the species under study here.
We also showed that there was potential for sexual conflict over the morphology of the legs of males and females, revealed by the directional selection on fighters. There are not many examples of correlated morphological responses in females to selection on male secondary sexual morphological traits that we are aware of. One notable exception is in the stalk-eyed fly Cyrtodiopsis dalmanni, where there was a correlated increase in female eye-span following numerous generations of selection on male eye-span [38] . The rarity of this example is likely to be due to the lack of studies selecting on male morphology, rather, perhaps, than the scarcity of the phenomenon itself. Frequently the exaggerated trait is completely absent in females, and hence the existence of sexual conflict is revealed by trade-offs in other life-history traits. Recent studies showed that selection on mandible horns of broad-horned flour beetles (a male-only trait) had no impact on female locomotor activity [39] , but impacted the reproductive success of females, revealing that sex-limited expression does not completely resolve intralocus sexual conflict [40] . Similarly, in another species of mite (Rhizoglyphus robini), selection for an increase in one of the male morphs impacted fecundity and longevity of females, again revealing a sexual conflict [41] . Our study expands on the body of evidence showing that directional selection on male secondary sexual traits exposes intralocus sexual conflict.
Our data do not directly test whether male morphs (or sexes) have different phenotypic optima, the first condition set out by Morris et al. [12] for showing intralocus tactical conflict. Nevertheless, the striking difference in the morphology of the third pair of legs between fighters, scramblers and females does suggest that they have different phenotypic optima. Moreover, fighter males use those legs to fight and kill rival males, whereas scramblers and females only use these legs to walk, meaning that the trait has completely different functions in each morph and sex. It would be interesting to investigate in further studies whether our lines evolved different levels of aggressiveness (in case fighting behaviour is genetically linked to leg morphology), and whether this occurred in fighters only or in both morphs. It is also important to emphasize that our protocol, employing consistent and directional selective pressure for thinner (down lines) and thicker (up lines) legs, might have pushed the phenotype of fighter legs away from its natural optimum, in at least one direction, and perhaps both. This would have caused not only correlated evolution that is detrimental to the fitness of scramblers and females, but also evolution that will be detrimental to the fitness of fighters when our artificial selection is relaxed.
The second criterion required to demonstrate the presence of intralocus conflict requires a demonstration that morphs are not at their phenotypic optima (i.e. in the absence of any selection on fighters, scramblers and females would evolve different phenotypes). At first sight it might seem that we have demonstrated this, but this is not necessarily the case. The high genetic correlations between morphs and sexes of R. echinopus might be present if the system is in the last phase of intralocus conflict (phase 4 in box 2 in Bonduriansky & Chenoweth [11] ). In this phase, the genetic correlation can be close to unity [27] , and still generate no antagonistic fitness variation, as long as both morphs are under stabilizing selection at their phenotypic optima. Even if sexual selection pushes the relative thickness of fighter legs towards larger values, as long as natural selection opposes this (perhaps due to prohibitively high costs of legs that are too thick [30, 42] ), the result can be stabilizing selection for the optimum thickness of fighter legs. If this is the case, our experiment might suggest a potential conflict that does not generally occur because both morphs (and females) are under stabilizing selection. This is perhaps an idealized view of how stabilizing selection might operate in natural systems, because it is evident from longterm studies that selection on naturally selected traits varies in strength and direction through time [43] and space [44] . In the case of dimorphic species the picture is more complex rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180335 again, with environmental factors such as density [45] or habitat structure [30] varying the frequencies and fitnesses of the alternative morphs in different ways in space and time. In these circumstances, the genetic constraint we have shown becomes relevant as soon as directional selection acts on one morph (or sex). Finally, one important difference between the 'phase 4' scenario as a resolution of sexual conflict and tactical conflict is that under sexual conflict frequency-dependent selection operates less strongly due to the Fisher's principle [46] . However, in most male dimorphic species one morph predominates [47, 48] -scramblers in the case of R. echinopus-and selection on this morph will probably restrict the opportunity of the alternative to reach its adaptive optima. Populations maintained at different male morph ratios might be a useful test of this hypothesis.
In conclusion, our findings have implications for our understanding of the evolution of intrasexual phenotypic plasticity and sexual dimorphism. Sexually conflictual adaptations have received much attention lately, and theory suggests how such conflicts can be resolved through mechanisms such as the evolution of sex chromosomes, genomic imprinting, or gene duplication and sex limitation of paralogous loci [11] . Meanwhile, phenotypic plasticity has received less empirical attention [12] . This is despite polyphenisms often representing huge variation in morphology, without the opportunity to resolve conflicts through the partitioning of chromosomes between morphs (within a sex). Thus there is much to learn about the evolution of intraspecific phenotypic diversity and plasticity from tactical conflict. The morph-specific selection we imposed shows that, in a conditional dimorphism, there are still correlated evolutionary responses that result in intralocus tactical conflict if one morph is pulled away from its phenotypic optimum. These results also hint at a similarity between this type of conflict and intralocus sexual conflict. At the same time it exposes a difference-the existence of massive morphological divergence within polyphenic species where there is no opportunity for genetic partitioning of traits on different chromosomes, and hence where genetic correlations between the morphs appear to constrain divergent evolution, subject to the whims of frequency-dependent selection.
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